Introduction
Sensory terminations with leaf-like expansions upon the sarcolemma of frog skeletal muscle fibers were found by Kulchitsky (1924) . He considered that the terminal was essentially homologous with 'terminaisons en reticelleY which was described in mammalian skeletal muscles by Giacomini (1898) and then found in the adult frog by Bremer (1882) or in the mammalian eye muscle by Dogiel (1906) . However, he disagreed with the phrase 'terminaisons en reticelleY, because they did not form any real plexuses around muscle fibers, although this kind of termination was innervated by the nonmyelinated nerve fibers. Kobayashi, Oshima and Tasaki (1952) have classified functionally the afferent nerve fibers arising in the toad muscle into three groups, omitting tonic afferent fibers from the muscle spindle ; the phasic afferent fibers arising in the perimysium, the small myelinated afferent fibers responding to an intense stretch or pin-prick, the nonmyelinated fibers conducting slow afferent impulses. It has been demonstrated by Ito, Toyama and Ito (1964) that functional properties of the former two afferent fibers resembled closely those of the leaf-like receptor in the frog sartorius muscle.
The purpose of this investigation was to examine by means of electron microscopy the topography and the ultrastructural organization of the leaf-like receptor, and thereby to elucidate its functions which have been outlined previously (Ito, 1968 and 1971) .
Methods
The experiments were performed on isolated leaf-like receptor in sartorius muscles of frogs (Rana nigromaculata) weighing about 40 g. The single parent axon of a leaf-like receptor was isolated in 347 its intramuscular course, but its receptive field remained intact in the remaining muscle fibers. After the receptor was identified as a leaf-like receptor on the basis of the discharges recorded from the axon during isotonic and isometric contractions and passive stretch (cf. Ito, 1968) , and by the conduction velocity (cf. Ito et al. 1964) , several muscle fibers with the sensory nerve terminal were dissected out about 3 mm in length.
In the strip of the muscle bundle, the innervating nerve still responded with burst discharges in response to the pressing of the receptive field with a glass rod. No other nerve supply was found under a binocular microscope.
Further, it was certified in each preparation that stimulation of the isolated nerve fiber did not produce any muscle contractions.
Out of fifteen successful preparations, six low and nine high threshold receptors were identified in response to stretching of the muscle (cf. Ito et at., 1964) .
The preparation was placed on a wax plate in a gently stretched state, and both ends of the muscle bundle were held in slits in the wax plate, thereby preventing the shrinkage of muscle fiber during fixation.
After a preliminary fixation with buffered 4% glutal aldehyde solution for one hour, both ends of the muscle bundle were removed from the wax plate under a binocular microscope, leaving the central part of 1 mm length which included the receptive field, which could be checked by the entrance of the isolated nerve fiber. Thereafter the preparation was transferred into 1% osmium tetroxide solution.
The isolated osmium tetroxide-fixed receptors were dehydrated in a graded series of alcohol and QY-1 for final embedding in epon-812. Fifteen leaf-like receptors were sectioned transversely.
Twentytwo short series of the sections were used, one of which contained about 4500 serial sections cut which are less than 0.1 ti thick. The sections were stained in saturated uranyl acetate-water solution for 30 minutes or in lead tartrate for 10 minutes. Each section was examined in a Nihon-Denshi T-7 electron microscope at an accelerating voltage of 60 KV. Figure 1 shows a transverse section of an isolated stem axon. Only a single myelinated axon was found surrounded by one or two layers of a perineurial sheath, without concomitance of any other nerve fibers in most cases. The axon was 10 to 14 p in diameter. The axoplasm contained accumulations of filamentous materials, small electron-dense granules (approximately 200 A in diameter), mitochondria (0.1-0.4 ; in diameter), and tubular elements. The myelin sheath of the axon consisted of 14 to 18 major opaque layers, accompanied by a layer of Schwann cell on its exterior. The Schwann cell cytoplasm contained numerous small electron-dense granules (approximately 200 A in diameter), a few vesicles (0.06-0.1 i in diameter) and mitochondria (0.2-0.4 p in diameter). The cytoplasm of the Schwann cell sometimes contained a large nucleus. The perineurial sheath was 0.1 to 0.5 p in thickness. The cytoplasm of the perineurial sheath included a number of vesicles (approximately 0.1 p in diameter) and mitochondria (0.3-0.5 p in diameter). The perineurial sheath appeared to arise from a process of a large cell whose cytoplasm was often occupied by a large nucleus similar to that of Schwann cell. The interspace inside the perineurial sheath was structuneless with some collagenous filaments. The axon was noted, on occasion, to be suspended in a lymph fluid in a capsule of the perineurial sheath.
Results

Stem axon
In two out of fifteen preparations, a nonmyelinated fiber was found concomitantly with the myelinated axon in the perineurial capsule. The nonmyelinated fiber was usually 0.5 to 1 g in diameter, and was surrounded closely by a piece of a Schwann cell process. Such preparations were discarded, because the terminal of the nonmyelinated fiber might be confused with the free endings of the myelinated sensory axon.
Ramification of myelinated axon
A myelinated stem axon divided into two or three branches and often further subdivided two or three times, ramifying up to twelve branches, before the demyelination. The diameter was 10 to 12 p for the branches of the first step but 5 to 10 p for the second or the last myelinated branches. Protrusion or folding of the myelinated sheath was commonly found, especially prominent in the vicinity of demyelinations or of Ranvier nodes. Figure 2 shows a transverse section of myelinated branches at the second bifurcation. step. Two pairs of the second branches emitted from the first bifurcated branches were enclosed into individual compartments of perineurial sheaths. A piece of Schwann cell was always seen to adhere to the exterior of the myelinated sheath of each branch, and the cytoplasm of the Schwann cell was sometimes occupied by a large nucleus. The axoplasm, perineurial sheath and Schwann cell contained the same elements as those in the stem axon. In many cases, the perineurial cell body with large nuclei appeared between the bundle of the nerve branch and the surface of muscle fibers, as space between the perineurial sheath and the muscle fiber surface was filled with a collagenous matrix.
Unlike the end-plate, no specific structure was noticeable on the muscle surface contacting the bundle of the nerve branches. Retraction of the axoplasm from the myelin sheath was sometimes observed (Fig. 2R) . This is considered to be an artifact due to the dissection or to the fixation of the specimen.
Approaching the terminal, each branch became separately surrounded with perineurial sheath.
The last myelinated branches appeared in the interstices between muscle fibers, with a single layer of perineurial sheath which was usually not accompanied by the cell body (see Fig. 3 and 4 ). There were a few cases in which a thin thread of 0.5 to 1 1!2 in diameter, such as a nonmyelinated fiber, appeared in a compartment in the ramification of the first or second step of myelinated axon, although such a nonmyelinated fiber could never be seen accompanying the stem axon along the same serial sections.
The thread adhered to a piece of Schwann cell like structure, and was always located in the vicinity of a large nucleus of a Schwann cell surrounding the myelin lamellae (Fig. 2T ). Such nonmyelinated threads could not be discovered continuously along the last myelinated branches or more distal nonmyelinated filaments.
Free nerve endings
The axon sprouted 2 to 5 nonmyelinated branches from its last node. The diameter of the individual nonmyelinated branches ranged from 0.15 to 1 i. They were invested by a Schwann cell process and continue in one or two compact bundles of grossly unequal diameter (0.5-2 p) for a considerable distance. The interspace between the nonmyelinated branch and the Schwann cell process was usually 150 to 200 A (Fig. 3) .
After they lost their myelin lamellae, a length of the nonmyelinated threads were retained in the same compartment of perineurial sheath as the myelinated branch (Fig. 3) . Thereafter, the nonmyelinated thread became separately surrounded with perineurial sheath (Fig. 4) . The Schwann cell covering became thinner and gradually incomplete near the axon terminals, The surface of the nerve terminal was sometimes lacking the investment of Schwann cells, and it was exposed to the intracapsular matrix (Fig. 4) . The Schwann cell contained numerous small electron-dense granules, a few vesicles and rare ntitochondria of the same sizes as those mentioned above. On approaching its terminal, each nonmyelinated branch sometimes gave rise to several subdivisions.
The terminal axoplasm of the free nerve endings maintained the same morphological characteristics as those of the more proximal myelinated segments of the axon from which they were derived.
They contained small opaque particles of abut 150 A in diameter. Some endings contained small vacuoles (200-400 A in diameter) and sometimes mitochondria (0.15-0.25 12 in diameter) (Fig. 4) . They were distinguishable easily from the motor nerve endings by the absence of large vesicles of 400-600 A in diameter (Birks et al., 1960) . They were also distinguishable from the free nerve endings of autonomic nerve fibers which appeared individually in an interstitial space of muscle fibers without any perineurial sheath. Such a terminal of autonomic nervous system appeared frequently in the vicinity of an intramuscular blood capillary. The several nonmyelinated threads of 0.1-0.8 pi in diameter were bundled with a cell process which seemed to be identical with the Schwann cell because of the similar accumulation of vesicles and other small particles. No structural differences between low and high threshold receptors could be observed.
Contact with muscle fibers
No particular structure could be detected connecting the nonmyelinated nerve nerve terminals with the muscle cell membrane (cf. Fig.  3 and 4) . The nerve terminals appeared to be suspended in a fluid inside the perineurial sheath. The perineurial sheath was connected loosely with muscle cell membrane by a collagenous structure, without any form of muscle membrane specialization such as junctional folds and mitochondrial accumulation, which have been always observed at motor innervation areas (Birks et al., 1960) . Striated muscle filaments run hatact through the sensory terminal region without any reduction in number of the filaments, which has been observed as a 'reticular constitution' in the intracapsular equatorial region of muscle spindle (Katz, 1961).
Discussion
There is no doubt that the free nerve endings found in the present study are the sensory nerve terminal of a leaf-like receptor, because the electron-microscopic observations on serial sections are made only on the preparations without any nonmyelinated axons accompanying the isolated stem axon which has been established functionally as a sensory afferent prior to fixation of the material . Although a very thin thread-like nonmyelinated filament appears at a level of ramification of the myelinated axon in a few preparations ,
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Fumio Ito and Shigeko Miwa the thread seems to be closely related to the nucleus of the Schwann cell surrounding the myelinated branch and it disappears at the level of the last myelinated segments.
The leaf-like terminal in skeletal muscle is morphologically quite similar to the free nerve endings distributed widely in human body. In an electron-microscopic photograph of sensory nerve terminals at the base of a dermal papilla in hairless digital skin of human (Cauna, 1966) , the axons lose their myelin lamellae at the base of the dermal papillae or deeper in the corial plexus, and then remain invested with Schwann sheath of the stem axon and proceed in a compact bundle for a distance.
One of the functions of the Schwann cell is thought to be the provision of 'metabolic support' for nerve endings probably at some distances from an adequate blood supply (Cauna, 1966) . The nerve terminals split into smaller sets of single branches to end in thefl tissues of the dermal papillae.
Such cutaneous free nerve endings in the human finger are known in general to mediate rapidly adapting sensations.
This functional property is essentially identical with that of the leaf-like receptor.
The following possibilities are offered to elucidate the structural substrate of the rapidly adapting characteristics of both the cutaneous and muscle receptors :
(i) Since the nerve terminals are suspended with a fluid in a perineurial sheath which is connected roughly with the basement structures, the transducer membrane in the terminal may undergo only a transient deformation of the perineurial sheath upon mechanical stimulation applied through the basement structures.
(ii) The fact that the accumalation of mitochondria in their rapidly adapting receptors is considerably less than that in the slowly adapting receptor such as muscle spindle suggests that the metabolic oxygen consumption in the former is less than that in the latter.
The electron-microscopic structure of frog leaf-like receptors can be sharply distinguished from those of the motor nerve terminals ; to sum up, (i) the muscle cell membrane adjoining the sensory nerve terminal never exhibited any junctional fold or mitochondrial accumulation, which have been always observed at motor innervation areas (Birks et at., 1960) . (ii) The sensory nerve endings contained large amounts of small vesicles of 100-300 A in diameter, whereas the motor nerve endings had an accumulation of large vesicles of 400-600 A (Birks et at., 1960 to stretch or compression of the strip but does not contract by any stimulation of the isolated nerve, prior to the fixation of the material.
These receptor terminals were distinguishable from muscle spindle terminals on the following points : (i) Any form of muscular specialization such as seen in the intrafusal muscle fibers were never detected in the isolated muscle strip which contained a leaf-like receptor.
(ii) The leaf-like receptor terminated in a nonmyelinated short sprouts and did not show a characteristic figure such as the 'microspindle' in muscle spindle terminals , in which various swellings of different sizes were connected in series by thin cylindrical tubes (Katz, 1961) . (iii) The accumulation of mitochondria in the leaf-like terminal seems to be considerably less than that in the spindle terminal (Andersson-cedergren and Karlsson, 1966 ; Katz, 1961) . (iv) An interspace of about 20 A between the nonmyelinated axon and processes of Schwann cell has often been detected in the muscle spindle (Andersson-cedergren and Karlsson, 1966) , but was never found in the leaf-like receptor.
Summary
• 1. The ultrastructure of leaf-like receptors in the frog sartorius muscle was studied. The receptor and its innervating axon were isolated with some muscle fibers after the characteristic patterns of afferent discharges were recorded from the axon. 2. The stem myelinated axon divided into two or four branches and often further subdivided two or three times, before the d emyelination.
The axon and branches were loosely wrapped by a perineurial sheath of one or two layers. 3. There were a few preparations in which a very thin thread-like nonmyelinated fiber appeared in the vicinity of the Schwann cell nucleus located arround the ramification points of the myelinated axon but could not be detected at the last myelinated segments or more distally, except in two preparations where the stein axon was accompanied by a nonmyelinated fiber. 4. Nonmyelinated sprouts of 0.1-to 1 a in diameter were emitted from the last nodes of the axon. They were encircled by a Schwann cell process with an interspace of approximately 200 A. These nonmyelinated sprouts appeared at first in the same perineurial covering as the last myelinated branch and then they appeared in a separate compartment. 5. No structural difference between the low and high threshold receptor could be detected. We are also grateful to Professor K. Yamada for technical advice on electron microscopic observation.
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•Legend of figures , Fig. 1 . Transverse section of a stem axon in a leaf-like receptor. The myelinated axon is surrounded by two layers of a perineurial sheath which has a large nucleus, without any concomitant axon. Calibration : 1 p. Fig. 2 . Transverse section of myelinated axons just after subdivision into two branches from the first bifurcated axons in a leaf-like receptor.
The perineurial cell body with large nuclei appeared between the bundle of the nerve branch and the surface of muscle fiber. R: Retraction of the axoplasm from the myelin sheath.
T: Thin thread-like nonmyelinated fiber. Calibration : 2 p. Fig. 3 . Nonmyelinated nerve sprouts from a myelinated branch in a leaf-like receptor.
The nonmyelinated sprouts are surrounded by Schwann cell processes in the same perineurial capsule as the myelinated branch from which they are derived.
Calibration : 0.5 p. Fig. 4 . Free nerve endings derived from a myelinated branch in a leaf-like receptor.
The endings are surrounded incompletely by Schwann cell processes in a separate perineurial capsule from the myelinated branch from which they are derived.
Nothing any form of muscle membrane specialization such as junctional folds nor any reduction in number of the myofilaments are noticeable. Calibration : 1 p.
